Increasing evidence suggests a developmental origin for a number of human diseases, notably after intrauterine or postnatal nutrient deprivation. Nutritional changes readily translate into alterations of somatic growth. However, whereas intrauterine growth retardation often shows postnatal catch-up growth, recovery from food restriction immediately after birth is limited. Therefore, we investigated whether early postnatal nutrition (undernutrition and overfeeding) modifies plasticity of growth through developmental control of the somatotropic hormone axis. We used cross-fostering in mice to induce changes in early nutrition, and examined endocrine growth regulation and the development of specific disease phenotypes in adults. We showed that underfeeding during the early postnatal period delayed growth, whereas overfeeding accelerated it. In both cases, final body size was permanently altered. We found coordinated alterations in pituitary GH, plasma IGF-I and acid labile subunit, and gene expression of hypothalamic GHRH during postnatal development. These changes were consistent with the observed phenotypes. Alterations in the somatotropic axis persisted throughout adulthood. Although limited to the early postnatal period, both underfeeding and overfeeding led to reduced glucose tolerance later in life. These metabolic abnormalities were in line with defective insulin secretion in restricted mice and insulin resistance in overfed mice. Moreover, both restricted and overfed mice had increased arterial blood pressure, suggestive of vascular impairment. Our findings indicate a significant link between early postnatal diet, somatotropic development, and specific late onset diseases in mice. We suggest that, together with other hormones like leptin, IGF-I may play a role in modulating hypothalamic stimulation of the developing somatotropic function. (Endocrinology 150: 314 -323, 2009) 
Increasing evidence suggests a developmental origin for a number of human diseases, notably after intrauterine or postnatal nutrient deprivation. Nutritional changes readily translate into alterations of somatic growth. However, whereas intrauterine growth retardation often shows postnatal catch-up growth, recovery from food restriction immediately after birth is limited. Therefore, we investigated whether early postnatal nutrition (undernutrition and overfeeding) modifies plasticity of growth through developmental control of the somatotropic hormone axis. We used cross-fostering in mice to induce changes in early nutrition, and examined endocrine growth regulation and the development of specific disease phenotypes in adults. We showed that underfeeding during the early postnatal period delayed growth, whereas overfeeding accelerated it. In both cases, final body size was permanently altered. We found coordinated alterations in pituitary GH, plasma IGF-I and acid labile subunit, and gene expression of hypothalamic GHRH during postnatal development. These changes were consistent with the observed phenotypes. Alterations in the somatotropic axis persisted throughout adulthood. Although limited to the early postnatal period, both underfeeding and overfeeding led to reduced glucose tolerance later in life. These metabolic abnormalities were in line with defective insulin secretion in restricted mice and insulin resistance in overfed mice. Moreover, both restricted and overfed mice had increased arterial blood pressure, suggestive of vascular impairment. Our findings indicate a significant link between early postnatal diet, somatotropic development, and specific late onset diseases in mice. We suggest that, together with other hormones like leptin, IGF-I may play a role in modulating hypothalamic stimulation of the developing somatotropic function. 
T
here is increasing evidence of a developmental origin for a number of diseases (1) . Epidemiological studies in humans have revealed links between perinatal food deprivation and adult incidence of obesity, type 2 diabetes, alterations of the hypothalamic-pituitary-adrenal axis, arterial hypertension, and cardiovascular diseases (2, 3) . Based on that, a conceptual framework coined the "thrifty hypothesis" (4) has been established, from which the Predictive Adaptive Response (PAR) hypothesis was formulated (5) (6) (7) (8) . Experimental work in the rat indicates that the prenatal and early postnatal environments can indeed determine adult pathophysiology. For instance, intrauterine artery ligation or severe protein restriction in rat dams causes complex phenotypes in offspring, including definitive loss of nephrons, cardiomyocytes, pancreatic ␤-cells, and other structural and functional units. The nature of these deficits depends on timing, duration, and degree of the initial nutritional deficit (3) . In such studies, body growth was a reliable nutritional marker. Moreover, there was a clear difference in terms of diet-induced growth retardation between fetal and postnatal food restriction. The majority of humans born with intrauterine growth retardation (IUGR) show catch-up growth during the first year of life (3, 8, 9) . In contrast, there is little or no catch-up growth when food is restricted during the immediate postnatal period (10) . Growth retardation followed by early catch-up growth exacerbates disease later in life (11, 12) . The fact that susceptibility to adult disease is affected by catch-up growth again highlights the early postnatal period as a critical window. However, few studies directly address the pathways and mechanisms through which early postnatal nutrition impairs growth. Although undernutrition has been associated with changes in the somatotropic (GH/IGF) axis (12, 13) , findings from the few molecular studies on the programming of the somatotropic axis after early postnatal nutrient restriction are inconsistent. One report showed increased GH secretion and decreased circulating IGF-I in adult restricted rats (14) , whereas other studies have found unchanged circulating IGF-I (11), with and without changes in GHRH (15, 16) . Therefore, we examined the effects of early postnatal nutrition on growth, endocrine and metabolic regulation, in particular looking for persistent changes relevant for adult pathophysiology. We examined how changes in early postnatal nutrition regulate somatotropic development, and the potential role of physiological plasticity of postnatal growth.
Most previous studies have been performed in rats. However, we used mice for their greater versatility in terms of subsequent genetic and molecular analysis. By exploring both undernutrition and overfeeding in one series of experiments, we obtained insight into the mechanisms linking early postnatal nutrition to growth and metabolism. We found that underfeeding as well as overfeeding led to permanent alterations in growth kinetics, and induced metabolic and hemodynamic abnormalities during adult life. These changes were associated with coordinated changes of the GH/IGF-I endocrine axis, including its regulation by hypothalamic GHRH. We suggest that GHRH plays a pivotal role connecting nutritional sensing with endocrine control of growth and metabolism.
Materials and Methods

Mice and sample preparation
129/SvPas females were mated to C57BL/6J males (Charles River Laboratories, L'Arbresle, France) to produce offspring with F1 hybrid genetic background. F1 hybrids have a reproducible genetic composition and show the so-called hybrid vigor, i.e. absence of most of the phenotypical defects described in inbred strains. We chose C57BL/6 and 129/Sv because both exist worldwide, and are extensively used for backcrossing transgenes and producing targeted mutations. Nutritional changes in newborns were obtained by cross-fostering: same-day litters were redistributed on d 1 to yield six newborns per dam for normal milk feeding, three per dam in the overfed group, or 10 per dam in the dietary restricted group. In our facility, 129/SvPas females deliver on average 6.4 Ϯ 0.2 (SEM) live newborns (n ϭ 120 litters) (17) . Cross-fostering was based on the study by Fiorotto et al. (18) , who showed that litter size determines intake and use of milk nutrients. Body weight (BW) of pups was recorded daily from d 2. Offspring weaned spontaneously after 16.9 Ϯ 0.1 d (n ϭ 14 litters), and had free access to commercial rodent chow (A04; UAR, Villemoisson, France; 49% carbohydrates, 24% proteins, 5% lipids, 12% humidity, and 10% minerals and fiber) and water. Males and females were separated from their foster mothers on d 28 and housed six per cage. Initially restricted, normal and overfed mice cohabited in each cage. Animals lived under specific pathogen free conditions in individually ventilated filter cages at 23 C, with a 1400-h light, 1000-h dark cycle. All animal procedures were in accordance with European Union guidelines for care of laboratory animals. Four cohorts were produced. Two (n ϭ 116 and 111) were analyzed during postnatal development, and two were analyzed as adults, at 3 (n ϭ 98) and 12 months (n ϭ 87). In all experiments, mice were taken from at least three different litters. Naso-anal length was measured under ip pentobarbital anesthesia. For determination of blood glucose and insulin during glucose tolerance tests (GTTs), we followed standard protocols (19, 20) . Tail and ocular sinus blood was collected from vigil adults using topical anesthesia. For other hormone measurements, blood was collected under general anesthesia by cardiac puncture and plasma stored frozen. Organs and tissues were weighed and immediately frozen on dry ice for storage at Ϫ80 C. Food and water intake was measured in 3-month-old mice. Animals from the same postnatal diet group were kept together, and were moved to freshly prepared cages with preweighed food and a defined volume of water provided ad libitum. Remaining amounts of food and water were determined after 10 d, and intake was calculated per animal per day.
Hemodynamics
Blood pressure was measured by a noninvasive tail cuff method using Coda 6 (Kent Scientific Corp., Torrington, CT), which measures heart rate and systolic and diastolic pressure in four mice simultaneously. Signals were recorded and analyzed using Kent Scientific software. After 1 wk adaptation, 15 measurements were averaged for each mouse (21) . We calculated pulse pressure (difference between systolic and diastolic pressure) and cardiac output (product of pulse pressure and heart rate).
Glucose tolerance
A standard GTT was performed, as previously described (17), on overnight (14 h) fasted animals. Tail blood was taken at 0, 15, 30, 60, and 120 min after ip injection of 2 g/kg BW of 20% D-glucose. Blood glucose concentration was determined using OneTouch Ultra glucose photometer (Ortho-Clinical Diagnostics, Issy-Les-Moulineaux, France) with electronic probes, requiring 1-3 l sample. In a second experiment, the identical protocol was used to measure insulin at 0 and 30 min in the same mice from 110 and 60 l ocular sinus blood.
Immunohistochemistry
Pituitaries from three underfed, three normal, and three overfed adult males were fixed in 4% paraformaldehyde, embedded in gelatin (Sigma, Saint-Quentin Fallavier, France) and frozen. They were then cut into 18-m cryosections and fixed on glass slides. For each mouse, two slides with six sections each were incubated with rabbit anti-GH antibody (National Institute of Diabetes and Digestive and Kidney Diseases' National Hormone and Peptide Program), followed by incubation with an Alexa 546 conjugated antirabbit antibody (Molecular Probes, Invitrogen, Cergy Pontoise, France). Slides were mounted with Vectashield (Vector Laboratories, Burlingame, CA), and micrographs acquired under identical conditions for light intensity, charge-coupled-device (CCD) image acquisition, and signal integration with a 60-fold oil objective using an Olympus BX612 fluorescence microscope and DP71 CCD camera.
Hormones and biochemistry
Total plasma IGF-I from 10-d, 20-d, and 3-month-old mice was determined using a Diagnostic Systems Laboratories, Inc., RIA (Webster, TX). Plasma leptin from 10 and 20-d-old mice was determined using a mouse-specific RIA, and insulin was determined using a rat-specific RIA (both from LINCO Research, Inc., St. Charles, MO). Blood biochemistry was performed with an Olympus AU-200 at Centre d'Explorations Fontionnelles Intégré (CEFI, Bichat Hospital, Paris). To determine pituitary GH content, the entire gland was weighed, sonicated in carbonate buffer, and GH measured using a rat-specific RIA (LINCO Research). This RIA also detects mouse GH, but it possibly underestimates the true concentrations. However, it can be used to establish differences between individuals. Pituitary protein content was measured using the BCAssay Protease inhibitor was added after thawing the samples for the assay, which can reduce the detectable amount of ghrelin and may explain the relatively low average ghrelin. Total IGF-I from 12-month-old mice was measured using a rat/mouse specific Lincoplex assay (RMIGF187K; Millipore) on acid-ethanol-extracted samples. Plasma (25 l) was incubated with ethanolic HCl (225 l) for 30 min at room temperature and centrifuged. Fifty microliters of clear supernatant were mixed with 50 l neutralization buffer. Neutralized sample (50 l) was then diluted with 50 l sample buffer, and 20 l of that dilution mixed with 80 l Lincoplex assay buffer. IGF-I was measured in 25 l of the final dilution. Blood corticosterone concentration was determined in 18-month-old male mice by RIA as previously described (22) .
Western blotting
Plasma levels of acid labile subunit (ALS) were determined by Western immunoblotting. Briefly, samples were subjected to 7.5% PAGE and electrotransferred to polyvinylidene fluoride membrane. We confirmed equal loading for each blot. Blots were incubated overnight at 4 C with goat antimouse ALS polyclonal antibody (AF1436; R&D Systems, Inc., Minneapolis, MN), followed by horseradish peroxidase-conjugated rabbit antigoat polyclonal antibody (A5420; Sigma-Aldrich, L'Isle d'Abeau Chesnes, France). Signals were visualized with ECL (Amersham Pharmacia Biotech, Les Ulis, France) and quantified using a CCD camera (LAS 3000; Fuji, Paris, France).
Quantitative RT-PCR
We carefully dissected the hypothalamus from adjacent brain regions. Total RNA was isolated using the silicium membrane method (Nucleospin; Macherey-Nagel, Hoerdt, France) and analyzed by UV spectrophotometry. RNA (1 g) was reverse transcribed (transcriptor transcriptase; Roche Diagnostics, Meylan, France) in the presence of 20 U RNAsine (Promega, Charbonniere, France) and random hexamer primers (Promega). Quantitative real-time PCR was performed in duplicate on an Applied Biosystems 7300 PCR system (Applera, Courtaboeuf, France), yielding 10 ng cDNA. Primers, MGB probes, and PCR Master Mix were from Applied Biosystems (GHRH, Mm00439100_m1; somatostatin, Mm00436671_m1). Copy numbers of genes were obtained using the standard curve method. Target gene expression was then normalized against ␤-actin gene expression (4352933E).
Statistical analysis
Means are presented Ϯ SEM. We performed ANOVA and Fisher's projected least significant difference post hoc test using StatView 4.5 software (Abacus, Palo Alto, CA).
Results
We cross-fostered newborn mice to produce defined litter sizes of three, six, and 10 sucklings per mother, and thereby to induce defined conditions of undernutrition and overfeeding. We first checked whether these litter sizes modified nutritional status in neonatal mice. We found that 10-d-old sucklings in litters of 10 (restricted diet) had significantly lower glycaemia than those from litters of six (normal diet), and age-matched sucklings in litters of three (overfed) displayed the highest blood glucose levels (Fig. 1A) . Moreover, circulating levels of insulin and leptin were markedly low in restricted sucklings but very high in overfed sucklings. This confirmed that litter size has substantial effects on nutritional status (18, 23) . Because postnatal growth depends on nutrition and metabolism, we monitored daily weight gain in the restricted, normal, and overfed mice until . We did not observe sex dimorphism for growth or metabolism at age 10 and 20 d, and, therefore, pooled data. B, Growth curves from d 2-50 in male (upper panel) and female mice (lower panel) from restricted, normal, and overfed groups (n ϭ 18 -22). The dietary switch from mother's milk to ad libitum chow (dashed line) occurred through spontaneous weaning on d 17. BW was persistently altered throughout adult life in both sexes, shown here at 3 and 12 months (right panels). C, Differences in body length (naso-anal distance) between restricted, normal, and overfed mice were in line with differences in BW, from 10 d onwards into adulthood, and in both sexes (n ϭ 15-18). Error bars indicate SEM. *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001. young adulthood. We observed significant growth delay in restricted pups and accelerated growth in overfed pups during the suckling period (Fig. 1B, left panels) . After 16 d dietary restriction, BW was 14% lower in males and 19% lower in females than in the respective normal groups (both P Ͻ 0.001). Conversely, overfed males showed a 34% and females a 19% increase in BWs (both P Ͻ 0.001). Similar differences were observed for body length between normal and test groups (Fig. 1C, left  panel) .
Mothers spontaneously weaned their litters after 16.9 Ϯ 0.1 d (n ϭ 14 litters), regardless of litter size. After weaning, when offspring had free access to standard rodent chow and water, nutritional status normalized rapidly: at 20 d, there were only minor differences in blood glucose and leptin levels between the groups ( Fig. 2A) . However, insulinemia did not readily normalize. Growth trajectories did not normalize under ad libitum nutrition either. Differences in BW and body length between the groups persisted into adulthood, remaining highly significant at 3 months of age and thereafter, in both sexes (Fig. 1, B and C) . Thus, transient modification of postnatal nutrition during the first 2 wk of life irreversibly modified growth trajectories and adult body size in mice. Fig. 2A) suggested that early dietary changes may have caused persistent metabolic consequences. To test this possibility, we explored adult energy metabolism. In ip GTTs at 3 and 12 months, both the formerly restricted and overfed males had lower glucose tolerance than the normal group. In the restricted, an abnormal hyperglycemic response was observed earlier and normalized faster (Fig. 2, B and C, upper panel) than in the overfed group, in which increased hyperglycaemia did not return to normal even after 2 h (Fig. 2, B and C, middle panel) . Insulin levels during the GTT showed that restricted males were unable to adequately up-regulate insulin at T30 min. Overfed males, in contrast, displayed high insulin levels in the fasted state and very high insulin at T30 (Fig. 2, B and C, bottom panels) . Females displayed similar metabolic alterations, although with smaller changes in glucose homeostasis (supplemental Fig. 1 , which is published as supplemental data on The Endocrine Society's Journals Online web site at http://endo.endojournals.org). Overfed females had significant fasting hyperinsulinemia at 3 and 12 months, and a hyperglycemic response in the GTT at 12 months. We checked whether the differences in hyperglycaemia in these mice were possibly linked to a stress response by measuring basal and stress-induced levels of corticosterone. How- ever, we found no significant differences between the groups (supplemental Fig. 2 ).
Differences in insulin (
Insulin resistance in the overfed may have been secondary to high BW because at 12 months, overfed males weighed on average 52 g, compared with 41 g for normal males. Overfed mice had significantly higher levels of high-density lipoprotein (HDL) cholesterol, total cholesterol, and triglycerides in males, and higher triglycerides in females than controls (Table 1 ). In contrast, mice that received a restricted diet during early postnatal life were leaner with decreased levels of HDL and total cholesterol, particularly in males. Yet, there was no significant difference in food (and water) intake between groups for males ͓re-stricted, 4.00 Ϯ 0.18 g/d per mouse; normal, 4.26 Ϯ 0.18; overfed, 4.46 Ϯ 0.21; n ϭ 5-8; P ϭ not significant (NS)͔ or females (restricted, 3.03 Ϯ 0.19; normal, 3.07 Ϯ 0.01; overfed, 3.74 Ϯ 0.29; n ϭ 4 -5; P ϭ NS), at 3 months of age. Similar results were obtained for food intake relative to BW in normal and restricted mice; overfed mice had a lower average relative food intake due to their increased BW (relative food intake in males: restricted, 120 Ϯ 3 mg/d/g BW; normal, 122 Ϯ 3; overfed, 102 Ϯ 4; n ϭ 20 -40; P Ͻ 0.05 comparing overfed and normal; in females: restricted, 118 Ϯ 3; normal, 117 Ϯ 2; overfed, 105 Ϯ 3; n ϭ 15-25; P Ͻ 0.01 comparing overfed and normal). Because initial intergroup differences in BW were stable during adulthood (Fig. 1B, right panel) , we did not expect alterations in food intake to develop after 3 months in this model. Together, these changes clearly suggested long-term modifications of energy metabolism in restricted and overfed mice. Interestingly, plasma leptin at 3 months was low in restricted and high in overfed mice (supplemental Fig. 3) , and strongly correlated with abdominal fat tissue, in males (r ϭ 0.63; P Ͻ 0.001) and females (r ϭ 0.70; P Ͻ 0.001), in the absence of differences in dietary intake. This correlation was still significant within overfed and normal groups, but not in the restricted (normal females, r ϭ 0.25, P Ͻ 0.05; overfed, r ϭ 0.58, P Ͻ 0.05; restricted, r ϭ 0.167, P ϭ NS; normal males, r ϭ 0.73, P Ͻ 0.005; overfed, r ϭ 0.65, P Ͻ 0.02; restricted, r ϭ 0.24, P ϭ NS).
Studies in humans and animal models showed that underfeeding and overfeeding during development induce permanent pathophysiological changes, increasing the risk of metabolic and cardiovascular diseases (3, 7, 24, 25) . Here, hemodynamic measurements in the male cohort at 18 months of age showed that systolic and diastolic blood pressure was significantly higher in mice that had either been exposed to a restricted diet or were overfed during the first weeks of life than in mice receiving a normal diet (Fig. 3, A and B) . Thus, hypertension occurred in mice on either side of the nutritional spectrum, as observed for impaired glucose tolerance. Hypertension was associated with increased heart rate in restricted mice (Fig. 3C) , and pulse pressure and cardiac output were also significantly elevated in this group (Fig. 3, D and E) . Thus, we demonstrated that cross-fostering in newborns triggered persistent changes in body composition, and led to metabolic and hemodynamic impairment. (n ϭ 18 -20) . C-E, Heart rate, pulse pressure, and cardiac output were significantly increased in the restricted group. All data were from males. Error bars indicate SEM. *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001. bpm, Beats per minute.
Among the first effects of restriction or overfeeding were rapid growth retardation and acceleration, respectively. Further analysis of body composition in young adults showed that the growth of most organs and tissues was affected in a largely proportional fashion in both sexes (supplemental Table 1 , which is published as supplemental data on The Endocrine Society's Journals Online web site at http://endo.endojournals.org) (26, 27) . However, some organs, namely the kidney and heart, appeared more sensitive to the dietary changes. This was reminiscent of endocrine phenotypes secondary to altered GH regulation (28) . Therefore, we searched for possible modifications of the somatotropic axis.
Pituitary GH measured in 3-month-old adult mice was lower in restricted mice and higher in overfed mice than in the normal mice, both in males and females (Fig. 4, A and E) . In the restricted group, low pituitary GH was associated with decreased levels of plasma IGF-I and ALS, the levels of which are highly dependent on GH (Fig. 4, B, C, F, and G) . This was in contrast to increased pituitary GH and plasma ALS levels observed in overfed mice. Consistent with these findings, we observed a markedly lower density of somatotrophs in the already small pituitaries of restricted mice, but an elevated somatotroph density and signs of increased intracellular GH accumulation in the large pituitaries of overfed mice (Fig. 4I) . Consistent changes were also found for active octanoylated ghrelin that was low in previously restricted and high in previously overfed mice (Fig 4, D and H) . When we measured IGF-I again at 1 yr of age, we found it significantly decreased in previously restricted and increased in previously overfed males (restricted: 351 Ϯ 12 ng/ml, n ϭ 19; normal: 416 Ϯ 24 ng/ml, n ϭ 17; overfed: 429 Ϯ 30 ng/ml, n ϭ 20; restricted vs. To determine whether the changes in adults may be directly related to nutrient supply during the early postnatal period, we monitored the development of the somatotropic axis during the first few weeks of life. We chose representative time points at 10 d of age (when nutrition was altered) and 20 d (when animals fed ad libitum). In 10-d-old mice, circulating levels of IGF-I and ALS (Fig. 5, A and B) closely reflected the dietary pattern, as could be expected because both parameters are reliable nutritional markers (28 -30) . However, despite rapid normalization of nutrition observed at 20 d of age ( Fig. 2A) , increasing differences between groups were seen for ALS and IGF-I (Fig. 5, A and B) . These differences appeared to be directly attributable to the corresponding marked differences in pituitary GH (Fig. 5C) . We next investigated the two major hypothalamic regulators of pituitary GH, GHRH, and somatostatin (SRIH). At 10 d of age, GHRH gene expression, as determined by real-time RT-PCR, was significantly reduced in restricted, and increased in overfed, mice (Fig. 5D ). This effect was only seen for GHRH, whereas somatostatin was unchanged (SRIH: restricted, 12.87 Ϯ 0.74 arbitrary units; normal, 12.34 Ϯ 0.65; overfed, 13.96 Ϯ 0.98; n ϭ 12-17; P ϭ NS; data not shown). However, in 20-d-old mice, no difference in GHRH or SRIH gene expression was found (Fig.  5D ). GHRH strongly promotes proliferation and maturation of somatotroph cells, and variations in GHRH around d 10 could thus induce differential development of the pituitary. This could subsequently translate into the observed variations in peripheral GH signaling. Collectively, our results suggest that development of somatotropic function depends on early postnatal diet, a process possibly mediated by GHRH neurons in the hypothalamus.
Discussion
We used cross-fostering to transiently alter nutritional status in newborn mice. This caused differences in development between the differently treated mice and altered somatotropic signaling. Changes in early postnatal diet permanently modified growth kinetics, and no catch-up growth occurred in mice that were growth retarded, which is consistent with other studies on early postnatal food restriction (10) . Changes in early postnatal diet also triggered pathophysiological traits related to perinatal growth retardation and overgrowth. Together, these observations suggested that programming of body growth occurred during the early postnatal period. Because such plasticity of growth control was likely to be due to endocrine regulation, we focused on somatotropic hormones. We observed a permanent decrease in adult pituitary GH in mice exposed to a restricted diet during the early postnatal period. Moreover, the observed pituitary changes were associated with diminished IGF-I and ALS, sensitive indicators of endocrine GH action. Thus, although not directly measured in this study, the pattern of GH secretion was supposedly impaired. These findings, together with reduced final body size, clearly indicated that dietary restriction consistently decreased somatotropic activity. Previous studies examining changes in somatotropic regulation in the rat hypothalamus found no alteration in SRIH or GHRH gene expression (11) inconsistent reductions in the number of GHRH neurons (15, 16) . Here, we reported a specific transient decrease in GHRH gene expression in 10-d-old restricted mice, which was apparently sufficient to permanently alter somatotroph development. Overall, our results suggest that changes in early postnatal diet can trigger an altered trajectory of somatotropic development by modifying early postnatal GHRH gene expression. Interestingly, passive immunization using GHRH antiserum in rats effectively reduces GHRH and, if applied during the first 2 wk of postnatal life, triggers significant growth retardation without catch-up growth (31, 32) . This phenotype is also characterized by reduced somatotropic signaling downstream of GHRH, resembling the phenotype of restricted mice in the present study. This provides strong support for the notion that GHRH neurons may be involved in the developmental setup of the GH/IGF axis.
Nutrition controls a multitude of metabolic, endocrine, and neural processes that may in turn regulate developmental GHRH expression. Leptin, for instance, plays a pivotal neurotrophic role in the development of hypothalamic circuits regulating food intake (33) . Interestingly, leptin levels were extensively modified in our mice during the immediate postnatal period. These changes were most likely attributable to diet but may also reflect uptake of maternal leptin (34) . Although it has been demonstrated that treating mice with leptin does not alter hypothalamic GHRH or SRIH gene expression, leptin can prevent the reduction of GHRH and IGF-I gene expression in adult mice under dietary restriction (35) . Thus, it remains possible that leptin is involved in modulating the development of GHRH neurons. Insulin, which is also tightly regulated by nutrition, acts similarly to leptin on neurons controlling food intake (36) . Although insulin can induce functional resistance in medial arcuate neurons during development, there is still no conclusive data demonstrating its direct effects on the development of arcuate neurons (36, 37) . However, insulin does regulate developmental plasticity in other cell types. In the endocrine pancreas, for instance, insulin is capable of modulating the compensatory growth of pancreatic islets, involved in programming the adult endocrine response to hyperglycaemia (19, 38) . Another major endocrine factor strongly regulated by nutrition is IGF-I itself, the closest mammalian homolog to insulin. Both IGF-I and insulin, together with their common ancestral molecule in invertebrates, are under nutritional control in many species (28, 30) . Studies in Drosophila melanogaster demonstrate that nutrition enhances insulin/IGF-I signaling in the fat body of the fly head, which in turn modulates growth of the organism and final body size through humoral mechanisms (13, 20, 39 -41) . Thus, peripheral endocrine effectors like leptin, insulin, and insulin-like peptides seem to be involved in programming the setting of their respective endocrine axis. Therefore, it is plausible that IGF-I signaling may play an important role in the programming of adult somatotropic activity through direct action on GHRH neurons. Given the complexity of somatotropic hormone regulation, it is likely that other pathways participate in the aforementioned outlined links between nutrition, growth, and neuroendocrine control. Ghrelin, for instance, is a potent stimulator of GH secretion (42) , and although our data on ghrelin (low in restricted and high in overfed mice at 3 months) were limited, they suggested that this secretagogue may account for some of the observed increase in pituitary GH in adults. Interestingly, comparing early diet with adult ghrelin, our model did not reproduce the classical reverse relationship. Moreover, in the absence of significant differences in adult food intake between groups, our data suggest that, similar to GH, the ghrelin pattern resulted from the early dietary changes. Alternatively, the particular ghrelin pattern may be related to the fact that we measured octanoylated (active) ghrelin, which behaves differently from total ghrelin. This is supported by Nishi et al. (43) , reporting that prematurely weaned mice exhibited a significant decrease of octanoylated ghrelin in stomach, similar to what we see in dietary restricted mice. With regard to a role for ghrelin in somatotropic development, it would be very interesting to evaluate early postnatal pancreatic ghrelin vs. ghrelin secreted by the stomach.
Perinatal modification of diet may be associated with the emergence of specific diseases. We observed altered glucose homeostasis early in life in the overfed and restricted groups. In restricted mice, glucose intolerance was likely due to insulinopenia and/or defective insulin secretion, consistent with previous reports. Hill et al. (44) and others ͓reviewed by McMillen and Robinson (3)͔ reported that a wave of pancreatic ␤-cell proliferation and apoptosis occurs during the first weeks after birth, allowing a functional shift from amino acid-to glucose-induced insulin secretion. In contrast, glucose intolerance in overfed mice appeared to be principally due to insulin resistance because they were unable to control hyperglycaemia despite high levels of insulin secretion. Similar phenotypes prevail in IUGR patients who undergo catch-up growth and subsequent obesity (45, 46) . Indeed, insulin resistance is strongly associated with abdominal obesity, reminiscent of the progressive weight gain that developed with age in our overfed group.
We also checked for hemodynamic symptoms. Restricted and overfed mice developed arterial hypertension, and restricted mice possibly suffered from increased total resistance of peripheral blood vessels, consistent with several other studies (47) (48) (49) (50) . Recently, Cleal et al. (48) demonstrated that mismatch between intrauterine, or early postnatal, and adult nutrition plays a major role in the development of cardiovascular disorders and altered kidney function. Here, we reported that early postnatal food restriction impairs the development of somatotroph cells in the pituitary gland, decreasing GH stimulation in adults. Changes in endocrine GH and IGF-I are involved in cardiovascular pathogenesis (50 -55); thus, it seems plausible that early postnatal nutrition and pathogenesis of cardiovascular disease are linked by signaling through the somatotropic axis.
Our findings highlight the functional plasticity of the somatotropic axis. Consistent with the PAR hypothesis, this plasticity could be a mechanism through which individuals adapt their growth to the predicted nutritional resources of their environment (6, 7) . We showed that this mechanism functions in two directions, resulting in loss of GH signaling in the restricted group, and increased GH in overfed mice. In the restricted group, the discrepancy in nutrition between immediate postnatal and adult period may have triggered the onset of disease phenotypes during adult life. This is indeed predicted by the PAR hypothesis for life trajectories deviating during development (56) . It should be stressed that, although the catch-up growth typically observed in IUGR patients or in certain rat models allows normalization of growth parameters, it also seems to initiate a process that eventually leads to disease (21) . Thus, mice overfed through cross-fostering seem appropriate to model alterations specifically induced by catch-up growth, which may otherwise appear only in combination with the sequelae of the preceding IUGR. Overall, our study suggests that cross-fostering of mice at birth is a useful model to investigate pathophysiological and molecular mechanisms connecting early nutritional changes to plasticity of the somatotropic axis and specific diseases later in life.
